Subsurface lateral flow can influence water dynamics and hence solute transport in hillslope soils. Generally, subsurface lateral flow is initiated when infiltrating rainwater percolates through the soil profile, meets an impeding soil layer or bedrock on a hillslope, creates (near) saturated conditions, with its downslope flow diverted laterally (Newman et al., 1998) . Lateral flow in hillslope soils depends on a downslope angle and can be promoted by anisotropy in hydraulic conductivity resulting from soil layering (Kim et al., 2005; McCord et al., 1991) or platy pore structures in a compacted plow pan (Dörner and Horn, 2009 ). While in tile-drained agricultural areas subsurface lateral flow has been found quantitatively significant for the transport of nitrates (e.g., van der Velde et al., 2010) , dissolved phosphorous (e.g., Sinaj et al., 2002) , or pesticides (e.g., Zehe and Flühler, 2001 ), direct monitoring is rather more difficult than the same measurements for overland flow and tile drainage (Allaire et al., 2009 ).
For arable soils in sloping landscapes, tillage erosion may have a great influence on soil properties (e.g., Van Oost et al., 2003) , whereas trafficking can lead to the formation of impeding layers in the subsurface soil due to soil compaction (Horn and Smucker, 2005) . In such soils, because of the conditions mentioned above, subsurface lateral flow may be intensified, consequently affecting the soil solute transport, groundwater quality, and even the surface water quality (Garg et al., 2005) . Additionally, wind and water soil erosion along with tillage may shape the specific soil surface topology such as, for instance, reported for formerly glaciated
Core Ideas
• Hydropedologic factors control subsurface lateral flow in eroded hillslope soils.
• Depth to C horizon, hydraulic properties, and initial conditions are most sensitive.
• Virtual 2D model experiment predicts effect of tracer injection on lateral movement.
• Lateral flow at sloping C horizon surface locally separated from tracer plume.
• Erosion-induced feedback on subsurface lateral flow by varying depths to C horizon.
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soil landscapes where truncated Luvisol profiles (i.e., Regosols) at exposed sites are created, as well as colluvic soils in local depressions (e.g., Sommer, 2006; Sommer et al., 2008; Gerke et al., 2010) . This erosion-induced profile truncation occurs in arable soil landscapes at upper slope positions where the removal of topsoil due to a combined effect of water and tillage erosion leads to a reduction in soil surface elevation while soil tillage operations performed at a constant tool depth gradually penetrate more of the upper parts of the subsoil horizons (Świtoniak, 2014; Wiaux et al., 2014) . In the arable soil landscapes of hummocky post-glacial areas, the erosion-induced soil profile modifications are present alongside the initial spatial variability of soil and parent material. As a result of soil profile truncation, the unweathered glacial till (C horizon) can be found at varying soil depths from directly below the topsoil at practically zero down to >1.5 m (Deumlich et al., 2010) . Other soil horizons, if not removed by erosion (e.g., E and Bt), can vary greatly in thickness depending on the profile truncation and the particular hillslope position in the landscape (Rieckh et al., 2012; Herbrich et al., 2017) . In this soil landscape, the C horizon consists of relatively dense (Gerke and Hierold, 2012) and low permeable glacial till that acts as a drainage barrier and thus is used to determine the bottom boundary of a tile-drained flow domain (e.g., Gerke and Köhne, 2004) . In his dissertation, Kofalk (1998) identified subsurface lateral flow along similar sloped soils in Br tracer experiments. For the particular soils of this study site, hydraulic properties of the same diagnostic horizons were found to differ between slope positions (Rieckh et al., 2012) , thus initiation of subsurface lateral fluxes could be assumed to be spatially variable as well (c.f. Pennock et al., 2014) . Thomas et al. (2017) argued that soil stratigraphy (i.e., thickness of the subsurface horizons) could influence soil moisture dynamics. Thibodeau et al. (2007) described long-term leaching patterns in the hummocky landscape by considering the combined effects of the relative degree of soil profile development and the topography. Rieckh et al. (2014) estimated one-dimensional vertical fluxes of dissolved organic C in four erosion-affected soil profiles at characteristic slope positions by using pedon-specific soil hydraulic properties. For the same field experiment, Gerke et al. (2016) simulated the soil water balance on these four slope positions to estimate the effects of interactions between erosion-affected soil properties and crop growth. The simulations assumed one-dimensional vertical flux although the experimental field was located on a slope. This could be assumed because surface runoff was prevented by a permanent grass cover between the plots. However, the researchers did notice water table fluctuations, which may be caused by subsurface flow along the hillslope. In both studies, subsurface lateral flow was hypothesized to occur on the boundary toward the C horizon; however, quantitative estimates and periods of occurrence of possible subsurface lateral flows were unclear.
Numerical models have been explicitly used for the two-and threedimensional representation of water dynamics and solute transport at the profile and plot scales in layered soils (Šimůnek et al., 2016) and for a detailed reproduction of field observations (Suárez et al., 2013; Filipović et al., 2014) . Using HYDRUS-2D and detailed soil parametrization (sensors and morphological description), Coquet et al. (2005) found that compacted zones in agricultural soil that developed due to trafficking affected water flow and Br transport in a distinctive way. Water and applied tracer was diverted into more permeable zones, thereby bypassing the compacted soil zones. Similarly, tillage and compost application can create soil zones with contrasting properties, again diverting water flow toward more permeable zones (Filipović et al., 2016) .
The objective of this work was to explore the initiation and quantity of subsurface lateral flow in agricultural soil, using explicit soil profile information in combination with two-dimensional modeling performed using HYDRUS-2D. The soil morphological description was used to connect the numerical study to the conditions in the hummocky arable soil landscape with sloping soil horizons and layer interfaces. Choosing a flat terrain position allowed us to study the pure horizonation effect on lateral subsurface flow without the influence of (sloping) topography. The sensitivity analysis was performed for C horizon position and the thickness of the soil solum, K s variation, and the initial moisture conditions to improve understanding of subsurface lateral flow initiation. The possible effect of lateral flow on solute transport was further studied through simulation scenarios including tracer insertion below the plow horizon. To demonstrate the onset of lateral flow, two-dimensional modeling results were compared with pressure heads measured in soil profiles.
Materials and Methods

Experimental Site and Soil
In this study, data from the CarboZALF-D experimental field site were used. The site is located within the hummocky arable soil landscape of the Uckermark region in northeastern Germany (53°23¢ N, 13°47¢ E) at about 50 to 60 m asl (for more details, see Gerke et al., 2016; Rieckh et al., 2014; Sommer et al., 2016 , 2014) . For the present two-dimensional modeling study, a short soil trench at a flat summit position of the Albic Cutanic Luvisol (LV, Profile LP3) was selected, which is characterized by an inclined upper C horizon boundary of low permeability (Rieckh et al., 2012; Fig. 2) .
Soil qualitative (morphological) field descriptions (see photo) and analytical data revealed contrasting soil horizons (Ap, E, Bt/E, Btg1, Btg2, and C) with inclined soil horizons ( Table 1) . The observed sloping of the Btg/C horizon interface and a visible difference in the soil color ( Two periods were selected due to the rainfall distribution, e.g., a high-intensity rainfall event (i.e., at a rate of 7.5 cm d −1 ) that could initiate subsurface lateral flow was recorded in both years.
Soil Hydraulic Properties and Field Monitoring
The soil hydraulic properties were determined using 300 cm 3 of undisturbed soil cores with standard hanging water columns and pressure chambers, while the unsaturated hydraulic conductivity was determined at −1, −5, −10, and −20 cm of pressure head during steady flow using a tension infiltrometer (Rieckh et al., 2012) . The soil cores were sampled vertically in five replicates for each depth or horizon. The soil hydraulic properties in Table  1 , taken from Rieckh et al. (2014) , were based on fitting the van Genuchten-Mualem retention functions using the RETC program (van Genuchten et al., 1991) . From the field observations, different horizons of the Albic Cutanic Luvisol (LV) were distinguished and characterized to the 2-m depth as follows: Ap, E, Bt, Btg, and CBkg (Profile LP3). The soil profile in the field was equipped with frequency-domain reflectometry sensors (Theta probe, Delta-T Devices Ltd.) for water content and self-refilling tensiometers (TS1, UMS) for pressure head measurements at the 40-, 80-, 130-, and 200-cm depths, corresponding to the soil horizons ( Fig. 2) . Water content at the 10-and 15-to 20-cm depths was measured only periodically with removable probes in order not to interfere with the tillage. However, data were not collected at spatially identical spots and, due to periodical soil freezing, different temporal resolution of the probes occurred; thus these measurements of water content in the tilled layer were excluded from the study. All other sensor data were collected every 30 min and averaged to hourly values. The sensor data from the nearby soil Profile LP4 (i.e., about 6 m from Profile LP3) with the same sensor setup was used to explain the effects of field heterogeneity due to different soil horizon distribution.
Numerical Modeling
Simulation of field water flow and virtual tracer (Br) transport was performed using the HYDRUS-2D software (Šimůnek et al. [2016] , Version 2xx or 2.05.0250, released March 2017). HYDRUS solves the two-dimensional water flow and solute transport equations in variably saturated porous media numerically with the Galerkin finite element method. Water flow is described using the Richards equation, assuming an isotropic layered soil, as
where q represents the soil volumetric water content [
, K ij are the components of the dimensionless hydraulic conductivity anisotropy tensor, and S represents a sink term for describing root water uptake [L 3 L −3 T −1 ]. Because we assume isotropic porous media with x 1 = x and x 2 = z being the horizontal and vertical coordinates, respectively, the conductivity tensor is diagonal, with the entries K xx and K zz equal to one. The root water uptake values were taken from a previous study on the same site (Rieckh et al., 2014) , where they were calculated with the Feddes approach (Feddes et al., 1978) based on potential uptake parameters according to Wesseling et al. (1991) and field-measured leaf area index using HYDRUS-1D. The output of actual transpiration values was incorporated in HYDRUS-2D and considered to be unrestricted by changes in the h values of the surrounding soil.
The advection-dispersion equation was used for describing the solute tracer transport in the liquid phase (e.g., Br):
where c is the tracer concentration in the surrounding liquid 
where q r and q s are residual and saturated volumetric water content [L 3 L −3 ], respectively, K s is the saturated hydraulic conductivity
and n (dimensionless) are shape parameters, and m = 1 − (1/n) for n > 1. 
Simulation Scenarios and Model Setup
Simulations were performed on a two-dimensional rectangular domain 500 cm wide and 200 cm deep, corresponding to the field observations, with increasing node density on the horizon boundaries and at the surface (domain had 15,883 nodes and 31,280 two-dimensional elements). The layering found during the soil profile excavation was reproduced in the HYDRUS-2D domain, with the location of frequency-domain reflectometry sensors and tensiometer probes reproduced as close as possible to the field conditions (Fig. 2 ). An atmospheric boundary condition was selected at the soil surface, and free-drainage conditions were imposed at the bottom, at the 200-cm depth, because there was no groundwater table effect at this plot. Water extraction by roots was simulated using actual transpiration rates as described by Rieckh et al. (2014) assuming a linear root density vs. soil depth distribution, from a maximum root density at the surface down to zero at the maximum rooting depth. Initial conditions were set according to field pressure head data at the specific dates in 2011 and 2012. The selected simulation periods included two crop vegetation periods for maize (21 Apr.-19 Sept. 2011) and Sudan grass (9 May-18 Sept. 2012). A numerical solute transport experiment was performed assuming non-reacting tracer (Br) injected as a short line (i.e., "point") (x = 50 cm, z = 10 cm) or long line (x = 500 cm, z = 10 cm) above the C horizon 100 d prior to the extreme rainfall event (75 mm of rain, 29 July 2011, corresponding to the sowing date) so that a better observation of lateral flow could be achieved. Transverse dispersivity was taken to be one-tenth of the longitudinal dispersivity for the Br transport (assumed to be 10 cm), with a molecular diffusion coefficient of 1.62 cm 2 d −1 . These values were consistent with the dispersivities typically found for field transport studies (e.g., Coquet et al., 2005) .
In addition to two selected simulation periods, sensitivity analysis and lateral flow quantification led to the initiation of another setup on a limited domain (x = 70 cm, z = 200 cm). To be able to capture the subsurface lateral flow, part of the larger model domain having the largest slope angle was selected (70 cm wide and 200 cm deep). These smaller domains had 7764 nodes and 15,224 two-dimensional elements. In the two setups (small and large domains), water and solute balance errors were <1%. Similar to the previous (larger) setup, the atmospheric conditions were applied at the surface and free drainage at the bottom boundaries, while the right side of the domain had seepage-face conditions and was mimicking the lateral flow capturing system. It was assumed that the amount of water penetrating the right seepageface boundary corresponds to lateral flow. In the first sensitivity scenario, different C horizon K s values were tested (25, 8, 2.5, 0.8, and 0.25 cm d −1 ) to estimate the threshold value for lateral flow initiation. After that, because C horizon field observations indicated various spatial dimensions at eroded hillslopes, C horizon thickness (shallow, medium, and deep) was tested to see how it can affect the water balance. In all three selected cases (S, shallow; M, medium; D, deep), horizon boundaries were identical with respect to shape and slope; however, the soil solum thickness was modified by shifting the boundary of the C horizon down or up. In all three cases, root water uptake was assumed as explained above.
In addition to visual graphical comparison, numerical simulations were evaluated using the coefficient of determination (R 2 ) and the Nash-Sutcliffe (Nash and Sutcliffe, 1970) 
where O i and S i stand for observed and simulated values, respectively, O and S are the averages of the observed and simulated values, respectively, and N is the number of observed and simulated data points. (Table 2) showed that lateral flow was captured for C horizon hydraulic conductivity values of 2.5 cm d −1 and below, the value selected as a lateral flow initiation threshold. This approach is assumed realistic because of the heterogeneity of eroded soils and their horizon variations at the studied site, suggesting that it may be found under the real field conditions. Rieckh et al. (2012) indicated that hydraulic conductivity values of transitional soil-till horizons (BC and CB) are in the range from 7.3 to 89.5 cm d −1 , depending directly on the C horizon structure of the same site. A low value of C horizon K s reflected conditions of compacted coarse-textured soil without macropores (Fig. 2) . Additional lowering of K s values resulted in a shift toward increasing lateral water flow (e.g., a K s of 0.25 cm d −1 increased lateral flow to 28.9% of the overall cumulative outflow). Thus, the selected K s value of 2.5 cm d −1 for the C horizon was used in different simulated scenarios as a lateral flow initiation threshold. Although data show that this change in C horizon hydraulic conductivity initiated only 0.60 cm of lateral compared with 18.06 cm of vertical flow (Table 2) , the influence on solute movement in this particular case was much more pronounced. One-third of solute (tracer) movement (31%) was associated with lateral movement, while this amount was increased to 98.3% with the lowering of the K s value, emphasizing the importance of subsurface lateral flow for the movement of different compounds commonly found at similar landscapes (agricultural pollutants; e.g., Lischeid and Kalettka, 2012) . Figure 3 shows the differences in C horizon thickness in relation to lateral and vertical water outflows for 2011 and 2012. A 7.5 cm d −1 rainfall should initiate lateral flow in each year. In both years, the deep C case produced the lowest vertical and highest lateral flow because of the largest volume of C horizon (compared with the C horizon volume in the shallow [S] and medium [M] simulation cases) and because it was located closer to the surface. Accordingly, the S case produced the highest vertical outflow with the absence of lateral flow in 2012. Data clearly reveal the importance of soil layering and its possible contribution to the overall water balance (Table 3) . As the C horizon also differs in hydraulic properties, the soil profile storage capacity is affected as well, decreasing with solum thickness due to reduced soil water retention capacities. As found by Thomas et al. (2017) , variations in the thickness of the subsurface horizons could largely influence soil moisture dynamics and the water balance and also present challenges in property estimations and vadose zone modeling.
Simulated Field Water Dynamics
The simulated and measured water contents and pressure heads for 2011 at specific depths (40, 130, and 200 cm) are presented in Fig. 4 . The measured values of Profiles LP3 and LP4 show a large variability between them. This is more pronounced for the upper layers (40 cm), and it ceases at the deeper points (200 cm). For example, the two sensors located at 40 cm had a difference of 0.1 cm 3 cm −3 throughout the 2011 maize growing period. Clearly, relatively large differences in water contents of the same horizon (E and Btg) between the two (Profiles LP3 and LP4) profiles, indicate the importance of the spatial heterogeneity in soil landscapes of hummocky ground moraines (e.g., Pennock et al., 2014) . The field data model fitting is the same for the 2012 period with Sudan grass (Fig. 5) : again, large differences between the two profiles may be found. In both cases (Fig. 4 and 5) , Table 3 . Water balance calculations for two simulation periods: maize (2011) and Sudan grass (2012) . Simulation was performed with hydraulic parameters from Table 1 (e.g., SIM_WC_40) and with reduced saturated hydraulic conductivity K s of the last CBkg horizon (e.g., SIM_WC_40_CBkg). Measured data were recorded from Profiles LP3 and LP4. The statistical parameters (E and R 2 ) correspond to the comparison of Profile LP3 field measurement and simulation performed with reduced K s (2.5 cm d −1 ) of the CBkg horizon. the model was not able to successfully reproduce measured values with high efficiency. The simulations were first performed with a C horizon K s of 22.7 cm d −1 as found in Rieckh et al. (2014) and additionally with a reduced C horizon K s (2.5 cm d −1 ), selected as a threshold value for subsurface lateral flow initiation. The decreased K s value resulted in better fitting within the range of two observed data points for both water content and pressure heads. Because further optimization (not shown here) did not produce a large increase in model efficiency to match the field measurements, it was not further pursued here. The unknown subsurface heterogeneity (layering and properties) and limited sensor data contributed largely to this discrepancy (Fig. 4 and 5) . However, finding the best fit of the optimization procedure was not the main focus of this study, but to estimate soil pedologic conditions at which subsurface lateral flow will be initiated.
Two-dimensional Simulations of Soil Water Fluxes and Tracer Transport
The simulated two-dimensional pressure head, water content, and flow velocity distributions 12 h after rainfall events of 7.5 cm d −1 were plotted for 2011 and 2012 (Fig. 6 ). These events created saturation above a dense C horizon (glacial till) unable to conduct water at rates >2.5 cm d −1 , which was enough to trigger saturated conditions on top of the C horizon (or CBkg) boundary in 2011. As expected, soil water was driven by gravity toward the right corner of the domain along the sloped C horizon boundary. Simulated distributions of tracer concentrations in the soil profile (Fig. 7) 12 h after the high-intensity rainfall (7.5 cm d −1 on 29 July 2011) showed a tendency toward lateral movement in the Btg horizon. According to the water flow simulations, the tracer insertion at a particular location in the subsoil should demonstrate the effect of subsurface lateral flow in terms of the solute transport dynamics. The simulations of tracer insertion (the point insertion and the line source) showed that the lateral flow along the Btg/C horizon interface yielded the expected uneven concentration distribution (Fig. 7) .
The shift in the simulated concentration plumes (Fig. 8) was visually noticeable (c.f. the quantitative picture in Fig. 7 ) and could be quantified when comparing a fictitious one-dimensional vertical simulation with the present two-dimensional simulations with sloping horizons for the case of point insertion. In Fig. 8 , the left concentration axis refers to the initial tracer distribution at the vertical position of z = 100 cm along the x axis in the two-dimensional cross-section chart (Fig. 8) ; the right concentration axis refers to the tracer distribution at later times and at the 140-and 200-cm depths. The results from the one-dimensional profile were obtained by assuming an average depth of each horizon boundary for profile discretization. The tracer plume shift in the sloping direction (i.e., increasing x position) with time was obvious (Fig.  8) . The results indicated that the sloping Btg/C horizon boundary affected solute transport and distribution, but only at this location during such an extreme rainfall event. Lateral flow and transport effects could be larger, for instance, in more humid climates or in irrigated agriculture with larger water inputs. Coquet et al. (2005) noticed that Br tracer applied with irrigation water bypassed the compacted soil regions and was diverted locally toward more permeable zones; however, larger scale lateral flow was less evident keeping in mind the absence of sloping boundaries in that soil.
Analysis of Lateral Flow Indicators
The lateral flow indicators in terms of pressure heads and the horizontal flow velocity component (separated from the combined velocity vector) were analyzed (Fig. 9 ) for profiles at three Fig. 6 . Simulated two-dimensional distributions of pressure head (top), water content (center), and flow velocity (bottom) in the soil profile 12 h after the high-intensity rainfall events (7.5 cm d −1 ) in the summer period of 2011 (29 July, left) and 2012 (7 July, right). specific location (x = 150, 250, and 450 cm) in 2011 and 2012 (in both cases, 12 h after a rainfall of 7.5 cm d −1 ). From the pressure head distribution (Fig. 9a) , it can be seen how the C horizon is limiting water penetration, thus still having a relatively dry condition below its boundary. The simulated cross-section lines give the pressure head values at three different x axis positions, while the tensiometer values were measured at specific points (i.e., the value of x ranging from 250 to 300 cm). Data clearly show how the specific sensor placement may have a major role in heterogeneous soils, thus making the model fitting even more difficult. Furthermore, it seems that pressure heads in the cross-section at x = 50 cm correspond best with the measured values. Lateral flow velocity (Fig. 9b) shows the highest value at the middle (x = 250 cm), where the slope angle was the largest and where the C horizon leftside boundary resulted in a larger water flow toward the middle of the slope because it intersected with the percolating water sooner.
Conclusions
The main goal of this study was to capture and quantify the potential for subsurface lateral flow at the pedon scale in soil profiles along hillslopes of the hummocky ground moraine. Lateral flow was hypothesized to depend on erosion-affected pedologic and spatially variable hydraulic conditions. Flow and transport simulations were performed for a two-dimensional, vertical cross-section represented by a field-soil profile morphological description and laboratory-measured soil hydraulic properties. The numerical analysis suggested that the onset of subsurface lateral flow at the sloping Bt-C horizon interface was limited to occasional summer storm events under present site-specific conditions. The locally varying depths to the C horizon as a result of long-term soil erosion and cultivation processes indicated the role of hydropedology in controlling the complexity of conditions for triggering subsurface lateral flow in eroded hillslope soils.
With a threshold saturated hydraulic conductivity value of K s £ 2.5 cm d −1 for the compacted C horizon, the sensitivity analysis revealed the importance of the depth to the C horizon and the initial soil moisture conditions prior to storm events for the initiation and quantity of lateral flow. Simulation scenarios imitating a virtual tracer insertion below the plow layer suggested that point-like injection of a tracer closer to the lowpermeability C horizon (from glacial till) had advantages over a larger strip-like placement considering the relatively long travel times. These scenarios further revealed the importance of location and timing according to the geometry of horizon contrasts for lateral tracer movement. Here, the relatively small lateral shift of the tracer plume indicated a local discordance of lateral water from vertical tracer movement where slopes of the C horizon surface differed from those of the soil surface or Ap horizon.
Longer term simulations suggested that under the present conditions, lateral subsurface flow was limited mostly to occasional summer storm events at this location. Although enhanced lateral flow initiation by preferential flow was not simulated here, the present model analysis may improve understanding of the complex hydropedologic interactions between the soil hydraulic conductivity of an impeding horizon, depth to the C horizon, initial soil moisture, and the water balance of erosion-affected heterogeneous soil profiles. Nevertheless, processes such as nonequilibrium type of preferential flow and properties such as the small-scale layering with anisotropy of the hydraulic conductivity should be further explored, especially for sloped soils. 
